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The energy exchange between a plasma particle and annAlfege propagating along a magnetic

field is considered. It is shown that, in the presence of an accelerating force parallel to the
background magnetic field, there exists a new channel for nonresonant energy transfer between the
wave and the particle. @000 American Institute of Physids$§1070-664X00)02301-6

In space plasma physics, there are many important amffected by the presence of a wave, the wave is assumed to
plications involving the interaction between charged parbe circularly polarized, with electric field vectoE
ticles and transverse electromagnetic waves propagating (E,,E,,0) and magnetic field vectd®=(B,,B,,0). The
along a background magnetic field. wave with frequencyw and wave vectok propagates along

For example, Alfve waves play a crucial role in the By,. We assume thab,|kv,|<Q and the cyclotron interac-
solar coron&? and also when newborn ions are picked up bytion is inefficient. Herev, is the particle velocity alon@,.
solar wind®* The origin of energetic particles in space plas- A key element of the work is that the particle is subject
mas is also commonly attributed to interaction with Alive to an external force along theaxis, which gives rise to an
waves>® Alfvén waves represent an important component ofacceleratiorg. The equations of motion are as follows:
magnetosphere-ionosphere coupling. o

Most of the discussion in the literature abput energy ex- v =—(w—kv,)E,+ Qvy,
change between Alfrewave and plasma particles involves m
cyclotron resonant interactions between waves and o
particles?™'® But nonresonant mechanisms of particle ener- Vy=—(0—kv,)Ey— Qv 1)
gization by Alfven waves are also possible. Thus, in the Me
presence of Alfve waves, lower hybrid waves can be gen- K
erated due to the streaming instabifity,or, parametric V,=g+ e—vi ‘E, . 2)
interaction'? Recently, Wuet al. (1997 have discussed the Mo
possibility that Alfven waves may accelerate particles eveng - hrimary interest is in the possible energy exchange be-
when _the resonance condition |s_not satl_sfled. If the Adfve ,\een particle and wave. In view of this, we derive frot
wave is sufficiently strong, they find that ions can be accely g (2) an expression for the rate at which the particle’s

§ —1 —
erated on time scales of the order -, ((1=eBy/mc). kinetic energyK=m(v;+vZ+vJ)/2 changes with time,
In the present paper, we discuss another mechanism for

nonresonant {>|w—Kkv,|) acceleration of particles by 1 dK e| gkt

Alfvén waves. We consider a plasma where particles expe- m gp ~9(9t V) + ;Jt v, -E dr+v,-E |. 3
rience a force parallel to the background field. In such a °

plasma, a low frequency Alfvewave can lead to nonreso- Equation(3) shows that, in order to consider the possible
nant energy exchange between particle and the wave. energy exchange between the wave and plasma particle, we

To determine how a particle moving with accelerationneed an expression for the rate at which the particle gains
along a uniform background magnetic fildd=(0,0B,) is  energy from the wavge(v, -E,)/m].
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A first integral of motion of Eqs(1) and (2) is as fol- 9" 1 d"*2E, -1

d"E,
lows:

dt"

(11)

(Q+w—kv,)? Q° dp+2
m

—(y2 _ 2y— _ _

2 (Vi+(v;=Va)%)=—mg(Vat—2)+const. 4 Assuming that these factors are small, tli&@) gives a for-

o mal expansion in these small parameters.
If g=0, the energy of the particle in the frame of reference  consiraint above is a restriction upon the way in which

moving with the wave is conserved. In the presence of ahe \ave field is switched on. The first term (ihl) arises
parallel force gs_&O), the energy exchange between the par{gm changes in the phase, while the second ternfli
ticle and wave is less constrained. The actual exchange dggises from changes in the amplitude of the wave as seen by
pends on the dynamics of the interaction. the particle. Note that energy exchange between particle and
Egs. (1) and (2) in variablesv.=(vx*vy)/2, E~  \ave occurs even though conditions are far from gyroreso-
=(Ex*iE,)/2 convert to nance. As can be seen frofh0), this energy exchange does
) e not occur if the particle moves with constant velooity.
VitiQvi=—(w—kv,E., (5) The amount of energy exchange is determined by the
M ) )
work which the wave does on the patrticle,

. ek
vz=g+2m(v+E_+v_E+). (6)

VJ_‘

E2Q60'(t)  (0'(t) d 21
—E* |. 12
G'(0)F  2(¢/ (02t 12

L=
. . L Mo
We can obtain a formal solution far. in implicit form,

V.= i tE (T)eii(ﬂ(r—t)+0(r)) 1— kv(7) dr ) The integral of Eq(12) is:
+ 2m 10 1 P [} , ,
t e |ETO'(1) t ES(7)0"(7)
where the wave amplitud&, = EZ+ Ey2, its phased(t) f v, -E dr= T L, 2+J (Ld)’( )2 dr
= wt—kz(t), and particle phase(t) = Qt+ 6(t) satisfy T (¢ (1) J-T T
(13)
EL(D) L E.(1) .,
E.= 2 eriletia)— 2 A 8 Equation(13) describes the changes which are induced

in the parallel velocityv, of the particle by the combined

In Eq. (7) we omitted the term which depends on the initial action of the wave and the external parallel force. The first
transverse velocity and does not contribute to the wave paterm in Eq.(13) is not related to the external parallel force,
ticle energy exchange for times larger than gyroperiod.  but only to the electromagnetic wave. This term shows ex-

To see how the particle responds to the low frequencylicitly that the particle tends to move with the wave
wave [see Eq.(4)], we use Egs(7) and (8) to obtain an  (“wave-surfing”). In order to estimate the second term in
expression for the rate of work done on the particle by theeq. (13), we use explicitly the assumption of adiabatic
wave, switching. For the interval between=0 andr=t, the wave

oE amplitudeE, is constant and

t) [t
Ey vy = r;a())ft EL(7)0'(r)cos () — (1))dr.

9 -
L © 0(Q+6'(7))? T m)Q+e(0). (14
We assume that the electromagnetic field, as seen by the
particle, is constrgineq in a particular way, namely that it iSDuring the time interval betwee= — T andt=0, the wave
switched on adiabatically and, =0 for t<_—T., E, field is growing from O toE, and
=const fort>0. We also assume that the derivative of the
electric field amplituddz (t) along the trajectory of the par-
ticle is zero at timet=—T when the electric field starts to
build up, E, /dt);,- _t=0. These constraints mean that at
some pointz, in laboratory system of coordinates, the wave
electric field amplitude changes more slowly than linearly as  In the limit 6’ (7)=6'(0), theintegral in(15) vanishes.
a function ofz—z,, e.g.,E, «(z—2,)2. The integral in Eq. We can obtain an upper bound to the intedgal (Q + ¢’
(9) then is given by (—T)), if we consider the opposite limig’'(7)=0'(—T).
In what follows, we will use the upper bound.

ft E2(1)6'(7) E2k(v,(t)—Vv,(0))

fo E2(7)0"(7) E? fo 1 dEfdt 15

T @ Tyt e

Q /" R , . . .
ﬁTEL(T)H’(T)cos( B(7)— p(t))dr= E(qu,(f);ts) Neglecting#’ (t) in comparison td in Eq. (13),
, ¢ e Ef(o—k(2v,~v,(—T)))
¢'(t) d 10 fﬁTvl-Eidr— T R . (16

o) att

As can be seen, each integration by parts introduces addi- The terms in Eq(3) can now be evaluated by combining
tional factors of order Egs.(12) and (16).
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1 dK e’gk? 5 Kinetic energy
_— + i —
m dt g(gt VZO) 2m2w292EL 0.6 T T T T T T T T T
X (Va+2v,(t )+ e vk, d E? >l a=0.3
( A VZ( ) VZ( )) 2m2 wﬂz dt 1 5 04 L //,/’ _
S =
(17) § 03 | //';) o i
= - a=u.
The last term in Eq(17) arises from the changes in the 2 oo L |
wave field during the time period when switching is going x =
on. This term is ponderomotive in nature, and is not present 01 L ]
at timest>0 when the wave fieldE, = const.
The remaining terms in Eq17) can be rearranged as o v

0 5 10 15 20 25 30 35 40 45 50
dK B? z
Tt =MUGt+Vz0) ~MVa+2v,(1) Va0 5z, (18)
FIG. 1. Kinetic energy of the test particle fa==B, /B;=0 and 0.3 as

[ initi : function of heightz.
wherev  ,=V,(—T) is the initial parallel velocity of the par- unetion o1 heg

ticle. Expression(18) represents the rate of kinetic energy
exchange between the plasma particle and the Alfwave.

If the particle with initial kinetic energ¥K, moves from
Zo=0 to z the particle total energy change is

time is determined by the ratio of the ramp width of the
arriving pulse tgv,—V,|. This picture can be reversed and
we may consider the particle entering a region where the
Alfvén wave is present. In both cases the width of the tran-
sition region should be larger then the gyroradius of the par-

2 —
K—Ko—mgz:—mVAgB—; (t+T)—VA2 V20 . (19 fticles. There will always be particles present which are so
Bo 9 slow that they satisfy the adiabaticity condition. The condi-

tion for adiabatic switching can be written in terms of the

Therefore the final kinetic energy gain differs from the WorksSWitching timeT asT2Q2> 1.

produced by the accelerating forowm. _ _ o .
The second term in the square brackets is due to the According to Eq.(18) the particle kinetic energy in-
ponderomotive effect; the value of this term depends on théreases with time if the-V, is negative. The particle in-
details of the total scenario of interaction. This term will be créases its kinetic energy in situations where the external
canceled out if the wave field is switched off at later times. force is opposite to the direction of propagation of the wave.
System(1-2 was solved numerically. Figure 1 illus- The rate of energy exchange is directly proportional to the
trates how the kinetic energy of the particle is affected by thevave velocity energy, its phase speed, and external force.
electromagnetic wave. The kinetic energy is normalized to 10 clarify the role of the parallel force in the energiza-
m\2/2, time is measured in gyroperiods, and normalized action of the particle at the expense of the electromagnetic
celeration isg/V,Q=0.01. In Fig. 2 we also present the Wave, we consider particle motion in the absence of pgrallel
numerically calculated value of the left-hand side of Eg.force and when wave amphltude is constant. The solution of
(19), obtained using Eq€1) and(2). As can be seen, calcu- EGs-(1) and(2) for r..=(x*iy)/2 is
lated energy exc?(ange is close tzo that described by an ap- eEg ()
proximate solution19) 0.01x (0.3)t. r-= — )
The expression which we have derived for the nonreso- Ma (@ +w=kvzo)
nant exchange of energy between wave and partiddehas  The particle is rotating with the same angular frequeacy
been obtained under certain restrictions. Our analysis takes kv, as the electromagnetic field. Nevertheless, particle is
into account only the lowest order nonlinear term in wavenot “frozen in” to the total magnetic field. The radius of the
amplitude. Also the first term on the right-hand side of Eq.particle orbit is different from the radius of the cylinder on
(2) must be larger than the second term. With the help of Eqwhich the total magnetic field is wound. The particle veloc-
(12), this restriction can be writteB?/B3<1. Second, for ity,
fche sake of s_implici_ty, we have restricted our anal_y_sis to time eE(w—kv,0)e* o(t)
intervals during whichQ|>|w—kv,(t)|. This condition ex- V=i
cludes the resonance no matter what direction the velocity Mo (2 +w=kvz)
vector has. Therefore, the terms neglected in the expansian this solution is orthogonal to the electric field of the wave.
(12) have no poles. Third, the first condition (h1) requires As a result, the wave work in Eq&3) is identically zero and
that the external force is not too large and that the wave hathe energy exchange between the particle and wave is inhib-
a sufficiently long wavelengthg/Q? <1. ited. We also note that if the particle has different parallel
Another restriction is that we have assumed adiabatiwelocity, its transverse velocity is also different. This means
switching of the wave field. This is application dependent. Athat when a parallel force is attempting to accelerate the par-
typical situation in which we need to consider wave switch-ticle along thez-axis, the wave electric field has to account
ing would arise in the case where an Alfvevave arrives for the change inv, by also changing/, . Indeed, the ap-
into an initially quiet plasma; in such a case, the switchingproximate solution of Eq(7),

V,=Vy0. (20)
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Left hand side of (19) versus time In the solar corona, collisional frequency is less than the
0.07 — T T T T T T particle gyrofrequency. The Alfwvewaves propagating up-
ward from the photosphere enter this region and can interact
0.06 ) . . .
with the plasma via the mechanism described above. For
0.05 estimates we useBy~100 G, Q~10"rads?, w
~10"trads?! g=273 ms? andB, /Bo~101. In hot,
= 004 10 - "1 em 3 .
g T~10° K and diluten=10° cm * solar corona, the colli-
& 003 sional frequency isv~0.01 s*. For particle velocityv,q
0.02 ~1 km st and active regiomz=100 km the acceleration
el time is ~10% s. Under these conditions the restrictions of
001 F our model are satisfied. The rate of energy deposition fol-
o ~ lows from (18),
0 10 20 30 40 50 60 70 80 90 100 dK B2 2
Time, t n——~3x10 °nB—~3x10 3— ergs cm®s},
dt 3(2) S

FIG. 2. The left-hand side of Eq19) as function of time calculated nu- ) ) )
merically for test particle motion. which shows that proposed mechanism provides adequate

heating rate for the solar coroha.

e eTio E 01 The above estimate demonstrates that the physical effect,
Ve T FiE, 0'(t)— L’—t> (21)  which we have discussed in the report, can play a role as one
M ( ) ¢'(t) ], of the possible mechanisms of solar corona heating. The es-

particle velocity along the electric field. Particle is still “pre- as @ me_d|ator to provide energy exchange between waves
cessing” with the same angular velociiy— kv, as the elec- and particles.
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